Under previous support from the Department of Energy, an experimental facility has been established and operated to measure valuable vapor-liquid equilibrium data for systems of interest in the production and processing of coal fluids. To facilitate the development and testing of models for prediction of the phase behavior for such systems, we have acquired substantial amounts of data on the equilibrium phase compositions for binary mixtures of heavy hydrocarbon solvents with a variety of supercritical solutes, including hydrogen, methane, ethane, carbon monoxide, and carbon dioxide.
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INTRODUCTION
Equations of state (EOSs) continue to be the models of choice in numerous chemical engineering applications, particularly when dealing with multiphase equilibria calculations. van der Waals EOS has been a basis for several EOSs, which provide both volumetric and equilibrium properties. Among these EOSs, the SRK [25] and PR [20] equations are widely used in industry.
Although these equations are essentially empirical, their predictive capabilities for the equilibrium properties of mixtures containing simple and normal fluids are good. However, since both equations are based on molecule-molecule interactions, their application to asymmetric mixtures has not been as favorable [13, 24] .
Continued interest in asymmetric mixtures has generated new requirements for thermodynamic models for systems containing small molecules and heavy solvents. Also the development of fast computers makes it possible to perform Monte Carlo simulations and molecular dynamics simulations to delineate molecular interactions. These simulation results have stimulated the development of theoretically-based EOSs. The perturbed-hard-chain theory equation of state (PHCT) [4, 10] has been successful in representing the phase behavior of chain molecules and asymmetric mixtures. The attractive term of this equation is based on the molecular simulation results of Alder et al. [1] , in which molecules are assigned square-well potential interactions.
A simplified form of the PHCT equation (SPHCT equation) was proposed by Donohue and coworkers [15] . They replaced the attraction term of the PHCT equation with the local composition model of Lee et al. [16] . This equation has a comparable predictive capability to the SRK and PR equations in representing the phase behavior of simple molecules, and has a better capability for handling some asymmetric mixtures [13, 24] . Although this equation has the advantages of a segment-interaction model, it suffers from several shortcomings, as we have described previously. Thus, a modification to improve the SPHCT EOS predictions was undertaken [23] . The Modified SPHCT EOS is better than the original SPHCT EOS in representing equilibrium and volumetric properties for a variety of pure fluids; however, the mixture property predictions remain comparable to the original SPHCT model.
Recently, Park [19] proposed a new EOS to benefit from insights gained in modifying the SPHCT equation. The PGR equation of state was derived from the generalized van der Waals partition function for chain-like molecules proposed by Donohue and Prausnitz [10] . The equation has a simple repulsive term proposed by Elliott and coworkers [11] and an augmented generalized cubic equation attractive term. A correction term was added to the attractive term of the generalized cubic equation to improve its under-predicted fluid compressibility factors. The temperature dependence of the PGR equation is based on an augmented square-well potential for segment interactions.
In this work, the PGR EOS is modified to obtain more accurate volumetric, equilibrium and calorimetric predictions.
MODIFICATION OF THE PGR EQUATION OF STATE
The PGR is a segment-segment molecular interaction EOS. The van der Waals partition function for chain-like molecules of Donohue and Prausnitz [10] is used in developing the equation. Each molecular segment is considered as a hard sphere with its free volume adopted from the expression given by Elliott and coworkers [11] . A square-well potential is used to 
The Repulsive Term
The repulsive term of an EOS is often used to describe hard-sphere, hard-disc, or hardchain interactions without attraction energy between molecules. Monte Carlo or molecular dynamic simulation results are available in the literature for the repulsive contribution to the fluid compressibility for different densities [9, 12] . Among the equations of state for hard-spheres, Carnahan and Starling [6] provided one of the better known and more accurate expressions.
Their expression is a simple correlation of the virial type analytical derivation for the hard-sphere compressibility factor [21] . [8, 17, 18] . In general, these equations showed better or comparable performance to the PR and SRK equations in calculating fluid phase equilibrium properties of simple mixtures.
To simplify the form of the EOS, Elliott and coworkers [11] proposed an empirical expression for hard spheres given in Equation (5) . We have adopted the Elliott expression although it is not as accurate in reproducing the molecular dynamics repulsive compressibilities of Erpenbeck and Wood [12] .
Modification of the Attractive Term
The density dependence of the radial distribution function of the PGR equation leads to the attractive term of an augmented generalized cubic equation of state. As such the attractive term of this equation, similar to other EOSs, contains several assumptions, which simplify its temperature and density dependence [5, 7, 13, 24] . In this study, we have sought a greater flexibility in the structural and temperature dependence of the attractive term.
The attractive term of the generalized cubic EOS such as SRK equation under-predicts compressibility factors compared to molecular simulation results [2, 11] . Accordingly, an additional term was proposed to eliminate one of the deficiencies of the cubic EOS attractive 
In this study, a more general expression is suggested for the attractive term, which gives the equation added flexibility when applied to chain-like molecules
where Q, Q 1 , and Q 2 are all equation constants. In addition, the high sensitivity of the calculated properties to T * , as discussed by Shaver and coworkers [24] , suggests that improvement in EOS predictions can be achieved by modifying the temperature dependence of the attractive term. A modified form for the radial distribution function of Equations (5) and (6) is
Where (13) and Z M , κ 1 , κ 2 , κ 3 , κ 4 , ω 1 , ω 2 , ω 3 , and ω 4 are constants. By combining Equation (6), (8) and (10) 
where Y and α are defined in Equations (11)- (13).
Characteristic of the Modified PGR EOS
The limiting behavior of this equation follows that of the other EOSs. As the molar volume approaches infinity at any temperature, the repulsive term of the equation becomes unity, and the attractive term becomes zero. Similarly, the EOS can be simplified to the ideal gas law as the system molar volume approaches infinity. At the highly compressed state, the molar volume can be calculated from the denominator of the repulsive term
This molar volume of Equation (15) 
THE MODIFIED PGR EOS
The pressure explicit form of the modified PGR EOS given earlier may be written as
where ( )
The universal constants in this equation are shown in Table II . These EOS constants, including u, w, Z M , Q 1 , Q 2 and ω 1 -ω 4 were regressed from pure fluid experimental data.
The modified EOS shown in the Equation (18) 
A, B, C, D and E are constants for a given temperature and pressure. This expanded form of the EOS (Equation (21)) and definitions for the coefficients are presented elsewhere [27] . Equation 
Detailed derivation of the above expression is given elsewhere [27] .
METHODS
The modified PGR EOS proposed in this work has a set of universal constants for all compounds (u, w, Q 1 , Q 2 , and ω 1 -ω 4 ) and substance-specific pure component parameters (T * , v * and c). Experimental vapor pressure data, along with liquid and vapor phase densities, at different temperatures were used to evaluate the universal constants and component parameters. 
The various data sets used in this work
The form of this objective function can be changed according to the availability of the information in the database. For the compounds with no available vapor densities, the three equation parameters were fit only to vapor pressures and liquid densities. When phase density data were not available, the last two terms of Equation (23) More information on the equilibrium calculation method and the regression technique used in this work is given by Gasem [14] .
In calculating vapor pressures and saturated phase densities, a reliable solution algorithm is essential in determining the compressibility factors for the EOS. As mentioned in the previous section, both the original and modified PGR EOSs are fifth order in terms of the compressibility factor. To solve this equation efficiently, an initializing routine was implemented. This equationsolver algorithm, which is similar to Park's [19] approach, is as follows. First, the lower limit value of the compressibility factor in Equation (15) was taken as the initial value of compressibility factor, Z L , for a liquid phase. The right-hand side of Equation (21) was calculated, starting with this initial value until its sign changed from negative to positive upon increasing Z L in 2% increments. When the change of sign occurred, the Z L value becomes a new initial value, and the simple Newton-Raphson Method was then used to locate the correct root.
The initial value of the compressibility factor, Z v , for a vapor phase was set to three. This value was decreased by 2% until the sign of the right hand side of Equation (21) changed from positive to negative. Then, the same Newton-Raphson Method was applied with the updated Z v as an initial guess. When the relative change of compressibility factor with a previous iteration was smaller than 1.0x10 -8 , the iterations were terminated. This solution algorithm is more robust than that introduced by Shaver and coworkers [24] .
THE PURE-FLUID DATABASE
A database of 20 pure compounds described previously by Shaver and coworkers [24] and Park [19] was used in this work. The database covers almost the entire vapor-liquid saturated region from the triple point to a reduced temperature of about 0.95. For several compounds, only limited saturated liquid density data are available, and for six compounds only vapor pressures are used. Specific ranges of saturated data used for pure fluids and their sources are given in Table   III . Additional data for heavy normal hydrocarbons (C 20 , C 28 , C 36 and C 44 ) and hydrogen were also used to evaluate the pure component parameters in the equation for those compounds. The temperature, pressure and saturated density ranges for these heavy normal hydrocarbons and hydrogen with their sources are shown in Table III .
RESULTS AND DISCUSSION
The PGR EOS modifications discussed previously were evaluated. Errors in predicted vapor pressures for 20 selected compounds are shown in Table IV Table IV are based on vapor pressures greater than 0.007 bar (0.1psia) and reduced temperatures less than 0.95. The SPHCT and PGR equations showed poor vapor pressure prediction below 0.007 bar [13, 24] .
For vapor pressures, the overall RSME is 0.2 bar and the overall %AAD is 1.3. The overall %AAD for the modified PGR equation is less than half of those for the PR and SPHCT equations and 20% less than that for the original PGR equation. The overall RSME of the modified PGR equation is less than the original PGR equation and one third that of the original SPHCT equation. Among these equations considered, the modified PGR EOS showed the best vapor pressure predictions. In fairness, it should be noted that the PR EOS did not benefit from system-specific regressed parameters as did the other equations. show the pure-component parameters of several normal paraffins as a function of carbon number.
In Figure 7 , the characteristic temperature shows an asymptotic behavior as the carbon number increases; n-octane deviates slightly from the trend of the other paraffins. The characteristic volume and the degree of freedom parameter are almost linear relative to the carbon number of the compound. For heavier n-paraffins such as C 20 , C 28 , C 36 , and C 44 , accurate pure component parameter determinations were not easy due to the scarcity of available saturation data. For these components, both pure component and binary mixture data were used simultaneously to obtain the parameters. The resulting trends of the pure-component parameters are similar to those of the original SPHCT, modified SPHCT [24] , and original PGR [19] EOSs. 
CONCLUSIONS
